During floods, the bedload transport of steep headwaters can exceed the hydraulic transport capacity of milder downstream reaches where settlements are often situated. Therefore, sediment retention barriers are typically installed upstream of such sensible areas. These barriers trigger bedload trapping via two control mechanisms, either hydraulic or mechanical. Both deposition controls, pertaining to instream sediment trapping structures, are analyzed experimentally in this study. Bedload trapping by hydraulically controlled barriers is prone to sediment flushing, i.e., the remobilization of formerly deposited sediment, in particular when the barrier is simultaneously under-and overflown. In this case, the remobilization rate is close to the bedload transport capacity of the nonconstricted channel. Mechanical deposition control by screens is in turn sensible to the grain size. Thus, both deposition control concepts may fail, and bedload may be transported downstream at a rate corresponding to the transport capacity of headwaters, thereby endangering urban areas. This study shows that the combination of both deposition control concepts is suitable for improving the control of bedload retention. With this combination, undesired sediment flushing of upstream deposits in the channel caused by insufficient hydraulic control is prevented. Furthermore, the uncertainty related to the estimation of the representative grain size in the design of mechanical control barriers is reduced.
Introduction
Heavy rainfalls such as those that occurred in Switzerland in the year 2000 can mobilize large amounts of sediment in the catchment areas of steep mountain rivers (Swiss Federal Office for Water and Geology FOWG, 2002) . The high channel gradient in combination with flood discharges can transport considerable amounts of sediment toward downstream reaches, where the grains gradually deposit with decreasing channel slope (D'Agostino and . The transported sediment is essential for the natural ecomorphological pattern of downstream river reaches, but this sediment represents a substantial factor of risks regarding flood protection planning (Gabbud and Lane, 2015; Simoni et al., 2017; Surian and Rinaldi, 2003) . In August 2005, the Swiss locality of Bristen witnessed such flood-driven sediment deposits in the village center, causing severe structural damage; and many similar cases have been reported for the same flood event (Bezzola, 2008; Bezzola and Hegg, 2007) . These undesired excessive deposits in urban areas can be prevented, e.g., by the installation of instream sediment traps. These structures typically comprise a permeable sediment check dam with openings that limit the downstream bedload transport in the case of floods (Leys, 1976; Piton and Recking, 2016a; Zollinger, 1983) .
The typical approach for the design of structural mitigation measures considers check dams, i.e., barriers, with slots or slits for water, and sediment retention. The retention of sediments may be achieved in terms of dosing or sorting. Dosing is the temporary, partial retention of sediment, and sorting is the filtering of coarse material. Sectional and lattice barriers are used to target partial sediment retention in terms of dosing or sorting. Sectional barriers consist of vertical bars; lattice barriers consist of screens with vertical bars and horizontal beams, similar to the application in the present study (cf. Fig. 2 and Hübl et al., , 2003 . Such permeable flow barriers may suffer failures for structural or functional reasons in the case of floods. Structural failure occurs when the barrier stability compromised, e.g., owing to insufficient foundation (Suda and Rudolf-Miklau, 2008) . This can be prevented by scour mitigation measures and by a proper static assessment of the structure (Bezzola, 2008; Piton and Recking, 2016a; Suda et al., 2009 ). Functional failure occurs when the barrier does not work as desired , e.g., when sediment retention is insufficient or when previously deposited material is remobilized in undesired quantities during floods. This remobilization is subsequently referred to as unwanted sediment flushing. The functional failure depends on the sediment deposition control provided by the permeable barrier, which can be (Piton and Recking, 2016a) http://dx.doi.org/10.1016/j.geomorph.2017.07.020 Received 10 March 2017; Received in revised form 25 July 2017; Accepted 25 July 2017
• Hydraulic control, i.e., the bedload transport capacity of the channel reduces caused by backwater of the permeable barrier; or
• Mechanical control, i.e., the size of the transported objects in the shape of sediment or driftwood exceeds the clearance of the opening (s) of the barrier.
Hydraulic control is usually achieved by barriers with slits or slots. Slits are lateral flow constrictions with free surface flow, and slots are vertical flow constrictions with pressure flow conditions. The hydraulic control has been found to depend on the flow conditions in the backwater of the constriction-like barriers and on the channel slope (Schwindt 2017) .
The reliable application of hydraulic control barriers can be achieved through adjustable opening sizes, e.g., by weirs equipped with gates, such as that at the Schächen torrent in Switzerland or the Schnannerbach torrent in Austria (die.wildbach, 2016; Kanton Uri, 2016) . However, the installation of adjustable openings (or orifices) in the barrier requires vulnerable mechanical equipment (gates), triggering devices for hydraulic controls, and permanent standby duty that are cost-intensive in remote alpine regions. The decision making for triggering gate operations requires the definition of threshold values in terms of the river discharge. The operation of gates may be particularly difficult in the case of extreme flood events or when driftwood blocks the weir. To the authors' best knowledge, guidelines for gate operations are not part of any legal framework. Thus, the answer to the question concerning the responsibility for damages downstream of adjustable measures is a contentious issue. Because of the high costs and the legal implications of adjustable weir openings, alternative, passively working solutions are preferable.
Mechanical control is induced by barriers with multiple openings or screens where the narrower opening clearance dimension is decisive in clogging (Piton and Recking, 2016a) . The geometric design criteria that lead to mechanically induced sediment deposition have been analyzed in previous studies. The probability of clogging is high when the clearance height or width of opening(s) is smaller than the characteristic dimensions of the transported objects, e.g., the representative grain diameter of the sediment. For clearance dimensions of twice this diameter or more, the clogging probability is low (e.g., Bezzola et al., 2004; Frey and Tannou, 2000; Ikeya, 1989; Piton and Recking, 2016a; Takahashi, 2014; Uchiogi et al., 1996; Wallerstein et al., 2013; Watanabe et al., 1980; Zollinger, 1983) . The complete mechanical obstruction of a barrier is not prone to unwanted sediment flushing (selfemptying), but malfunction remains possible when the sediment size is smaller than expected (Hübl et al., 2006) . Decreasing the effective flow clearance enhances the safety against unwanted sediment flushing -but undersized clearances may involve regular sediment deposits upstream of sediment check dams. This deposited sediment has to be frequently dredged and is lacking in downstream reaches, with negative effects on the river morphology (Brandt, 2000; Kondolf, 1997; Schleiss et al., 2014) .
Thus, hydraulic and mechanical control measures have certain disadvantages. Both types and their combination are considered here to overcome negative consequences because of uncertainties related to insufficient or excessive sediment retention. In practice, the implementation of both control mechanisms is sometimes applied for the combined retention of driftwood and sediment, where a mechanical control barrier in the shape of a screen is designed based on the expected size of driftwood (Hübl et al., 2003) . Some study cases for the combination of hydraulic and mechanical retention of bedload exclusively can be found (Piton and Recking, 2016b; Schwindt et al., 2016) , but the systematic experimental study as made herein is novel.
The main objective of this research is to investigate the sediment transfer at barriers designed for hydraulic or mechanical control and of barriers that combine both types of controls. Sediment transfer is exclusively considered in terms of bedload. Thus, the mitigation of debris flow and woody debris-related hazards, which may require additional structures upstream of the herein considered barriers, are not addressed in the present study.
The particular interest of this study is the conception of barriers to enable fluvial bedload transport until some threshold discharge is exceeded. For higher discharges, bedload should be retained without the possibility of being remobilized, i.e., to prevent unwanted sediment flushing. The results from previous studies are considered for the reference bedload transport in the channel without barriers and without sediment deposits (Schwindt, 2017; Schwindt et al., 2017) . In contrast and complementary to these previous studies, the formation of deposits upstream and overflow of the barrier are investigated.
Methodology

Experimental setup
A database with 132 field observations on mountain rivers, partially furnished with sediment check dams, was used for the design of the experimental setup . As shown in Fig. 1 , the observation area of the setup consisted of a steep, open channel where water and sediment were supplied at the upper boundary.
An automated sediment supply system composed of a cylindrical container, for the storage of sediments and with a bottom screw to release the grains on a system of conveyor belts, was used. The grain size distribution of the sediment supply was characterized by the following parameters: D 16 = 7.3 mm, D 50 ≈ D m = 10.4 mm and D 84 = 13.7 mm. Water was supplied by a laboratory pump system, with discharge Q varying between 3.0 and 10.0 l/s. Sediment and water were intermixed in an upstream adaptation reach. The 2.5-m-long adaptation reach ended in a 3.0-m-long observation reach, with a rough trapezoidal bottom and a longitudinal slope of S = 5.5%. Check dams consisting of hydraulic or mechanical control barriers were introduced in the lower third (Fig. 1) . The trapezoidal channel cross section was characterized by a bottom width of w≈ 0.11 m and a bank slope of m≈ 2.25:1 (Fig. 2A) . The rough surface of the channel consisted of grains cast in mortar with the size of the D 84 of the supply mixture or larger, as a representative grain size for roughness (Ferguson, 2007; Ghilardi et al., 2014; Rickenmann and Recking, 2011; Zimmermann, 2010) . The water-sediment mixture was separated at the downstream model end by a filter basket. The collected sediments were redirected to the sediment container by an overhead crane. The outflowing water returned to the laboratory pump well.
The sediment input rate was controlled by the rotational speed of a perforated cylinder at the bottom of the sediment container. The bedload transport Q b was evaluated at the outlet by minute-wise weight measurements of the outflowing sediment using a scale (type Dynafor MWXL-5, precision of ± 0.01 kg). The flow rate Q was measured by a flow meter (type ABB FXE4000) with a precision of 0.1%. The flow depth h along the observation reach was gauged by five ultrasound probes, of which four were situated upstream of the deposition control barrier and one was situated downstream. The ultrasound probes (type Baumer UNAM 30) have a precision of ± 1 mm and were placed with an interspace distance of ∼0.4 m. The channel cross section geometry at the position of every ultrasound probe was derived from point-cloud measurements with a laser (type Leica DISTO D410, precision of ± 1 mm).
Sediment deposition control
The occurrence of sediment deposition imposed by flow barriers is subsequently related to the occurrence of ordinary and exceptional flood events . With respect to morphological river continuity, deposition control barriers should not affect the bedload transport for ordinary floods . These ordinary floods vary from case to case and can be referred to as a morphologically effective discharge (Wolman and Leopold, 1957a,b; Wolman and Miller, 1960) , which is essential for the channel bed morphology. Discharges that are subsequently labeled as exceptional refer to floods that endanger urban areas over the river banks. For the present experiments, the differentiation between ordinary (smaller) and exceptional (higher) discharges is abstracted in terms of some dimensionless parameters. The essential point for the experiments is that there are certain small discharges at which sediment transfer is possible and exceptional discharges at which sediment is retained.
Hydraulic control barriers with vertical and lateral flow constrictions were analyzed by the help of mobile PVC elements imposing a flow constriction, with height a and width b (dark gray elements in Fig. 2 ). The description of the upstream hydraulics requires the differentiation between pressure (vertical constriction) and free surface (lateral constriction) flow conditions in the constriction (Schwindt 2017) . For hydraulic control, experiments were conducted without and with overflow of the barrier crest.
The conception of mechanical control devices was related to the grain size of the transported sediment, according to traveling bedload in nature (Piton and Recking, 2016a) . This type of bedload transport may be characterized by the grain size distribution of sediment deposits from former floods at the banks of the upstream channel.
An inclined bar screen (or trash rack) with cylindrical bars (inclination of 2:1, light gray elements in Fig. 2 ) was applied for mechanical control. The inclination of the bar screen favors the sliding and passage of potentially occurring driftwood over the structure when it is overflown. Thus, the risk of unwanted driftwood accumulations and the obstruction of the screen are reduced. In practice, additional structures for driftwood retention should be considered (Bezzola et al., 2004; Lange and Bezzola, 2006; Piton and Recking, 2016b) . The design of the mechanical control barrier in the present study was based on the size of the transported sediment, not in direct dependence on the discharge, according to literature findings (Ono et al., 2004; Piton and Recking, 2016a; Shima et al., 2016) . Based on these previous findings, the clearance height between the channel bottom and the lower end of the vertical bars was determined as a multiple f of the representative grain size D 84 (Fig. 2) . Small clearance heights (f < 1.5) were expected to cause sediment deposition as soon as sediment is supplied to the flume. However, with regard to the continuity of sediment transport, which is ecomorphologically preferable (Piton and Recking, 2017; Simoni et al., 2017) , the retention of small bedload transport rates is not appropriate. Therefore, small clearance heights of f < 1.5 are subsequently not considered. However, the clogging of the screen is advantageous to ensure complete mechanical sealing in the case of intense bedload transport and thereby to avoid unwanted sediment flushing.
In this study, f was tested incrementally, starting from f≈ 1.5, to assess the optimum clearance height, which is defined as the maximum height f opt ⋅ D 84 that can cause sediment deposition. This optimum clearance is related to the possibility of sediment transfer for ordinary (smaller) discharges and the safe occurrence of mechanical barrier clogging for exceptional (higher) discharges. The herein considered principle of mechanical clogging focuses on the trapping of bedload occurring with exceptional floods, where the active bedload layer is thicker than during smaller, ordinary discharges (Church and Haschenburger, 2017; Du Boys, 1879) . The entangled grains cause an additional resistance to the flow, which causes the further retention of grains.
Therefore, the maximum bedload transport that can pass through the mechanical barrier (bar screen), without the entanglement of grains Conceptual sketch of the model, with the sediment supply system consisting of a sediment container with bottom screw and conveyor belts; sediment and water were mixed in an upstream adaptation reach, which ends in the main observation reach. The flow control barriers were introduced in the lower third of the observation reach; a filter basket, which was suspended on an overhead crane with a scale, provided the separation and weighing of the outflowing sediment.
between the bars, was tested for several pairs of constant discharge and incrementally increasing sediment supply. In this process, for a fixed discharge, the sediment supply was increased stepwise until the screen was mechanically clogged. The highest supply rate that did not yet lead to the clogging of the bar screen was then taken as the maximum bedload transport corresponding to the fixed discharge and to a certain barrier configuration. The bedload transport was measured as explained above. This procedure was repeated three times and the average value of the maximum bedload transport was taken. The barrier clogs instantaneously for solid discharges that are higher than the maximum bedload transport capacity. This analysis served for the identification of an optimum value for the clearance in terms of f opt , which is high enough to not interfere with bedload transport for small discharges but low enough to enable mechanical clogging for higher discharges. The steady discharge refers to different flood stages, where in practice instantaneous quasi-steady flow conditions for the triggering of bedload retention may be admitted.
The horizontal spacing between the bars is chosen to be equal to D 84 to ensure clogging for higher discharges (Piton and Recking, 2016a,b; Uchiogi et al., 1996; Wallerstein et al., 2013) . As required for prototype applications, an additional horizontal bearing beam was installed for the support of the vertical bars, which had no influence on the functioning of the barrier in the experiments.
Preliminary tests showed that the overlapping part of the vertical bars, beneath the bearing beam ( Fig. 2) , was essential for enabling the mechanical clogging. The jumping grains of the bedload became entangled between these free ends of the vertical bars. This entangling required a minimum overlapping length according to the D 84 .
Sediment retention because of hydraulic control by flow constriction and mechanical control by the bar screen was tested individually and in combination. The transversal and longitudinal sections are schematically illustrated in Fig. 2 . The tests related to purely hydraulic control were conducted twice: (i) with a quasi-infinite barrier height (no possibility of overflow) and (ii) with a limited barrier height of 0.11 m, which corresponded to 8 × D 84 . The height of the screen was not considered as a factor for mechanical clogging and was maintained as constant at 0.11 m. The overflow section was 0.23 m wide. The location of flow depth measurements is qualitatively indicated in Fig. 2. 
Parameters and dimensional analyses
The phenomena considered in this study may be described by the following set of parameters:
where D is the representative grain size that is subsequently determined by the D 84 of the sediment supply mixture; g is the gravitational acceleration (9.81 m/s 2 ); ν is the kinematic viscosity of water, considered at 20°C (10 −6 m 2 /s); and ρ f and ρ s denote water density (1000 kg/m 3 ) and sediment grain density (2680 kg/m 3 ), respectively. Because the focus of this study is on bedload transport, the dimensionally independent variables of D 84 , g, and ρ f are used for the derivation of the following dimensionless parameters (Einstein, 1950; Yalin, 1977) : • f, factor of D 84 for the clearance height under the bar screen;
• h * = h / D 84 , relative flow depth upstream of the hydraulic control barrier;
• s = ρ s / ρ f , density ratio; and The term A = h ⋅ w m denotes the flow cross section, where w m = w + h ⋅ m is the mean width of the trapezoidal channel (cf. Fig. 2 ). The hydraulic effects of the deposition control barriers on the upstream grain-related flow velocity F * are evaluated by relating the constriction height to the flow depth upstream of the barrier. Previous studies have shown that the constriction height a is the governing geometric dimension for pressurized flow through hydraulic barriers. In the case of exclusively lateral constriction, the constriction width b governs the upstream flow conditions (Schwindt, 2017; Schwindt et al., 2017) . Therefore, the relative submergence is considered by a * /h * and b * /h * for vertical and lateral constriction by hydraulic control barriers respectively. The relation f/h * , which is equivalent to f ⋅ D 84 /h, is applied for the assessment of flow conditions upstream of the bar screen for mechanical control only.
Experiment design
The bedload transport capacity is evaluated for three cases, with respect to the deposition control types, as illustrated in Fig. 3: 1. Sediment deposits upstream of the hydraulic control barriers (PVC elements) of i. infinite barrier height (no overflow is possible), imposing flow constrictions with varying height a and varying width b; ii. limited barrier height (with overflow), imposing flow constrictions with varying height a and constant width b; 2. Mechanical control barriers by a bar screen; and 3. Combination of hydraulic and mechanical controls.
In addition, this study refers to data from previous studies, where infinitely high barriers without upstream sediment deposits were analyzed (Schwindt 2017) . The flow was generally supercritical in the steep rough laboratory channel (the Froude number varied between 1.4 and 1.9), similar to natural mountain rivers. Thus, barriers cause backwater, and a hydraulic jump occurs in the upstream. According to the literature (Armanini and Larcher, 2001; Campisano et al., 2014; Piton and Recking, 2016a) , the hydraulically controlled formation of sediment deposits upstream of the barrier is initiated immediately downstream of this hydraulic jump. The additional volume of this sediment deposit provokes an increase in the length of the backwater and, in turn, causes a shift of the hydraulic jump in the upstream direction. Accordingly, for constant discharge, the location where bedload is deposited is also shifted in the upstream direction, as it is illustrated in Fig. 4 . This formation of an elongated deposit evolving in the upstream direction occurs in case (1.i), for constant sediment supply and discharge, and infinitely high barriers. In case (1.i), sediment was supplied until the deposit reached the upstream boundary of the observation reach (cf. Fig. 1 ). Multiple combinations of constriction heights a and widths b were tested ( Table 1) .
The limitation of the barrier height prevents the upstream evolution of the backwater, which causes the deposit to evolve in the downstream direction. When the deposit front reaches the barrier, the formation of a secondary deposit layer can be expected on top of the previous deposit. Thus, the deposit evolves in a succession of quasi-equilibrium states until it reaches the barrier height (Armanini and Larcher, 2001; Campisano et al., 2014; Jordan et al., 2003; Piton and Recking, 2016a) . Such hydraulically controlled sediment deposition patterns upstream of permeable barriers occur in case (1.ii), also with a constant sediment supply and discharge but for overflown barriers. For case (1.ii), the barrier height was limited to 0.11 m, according to the above statements (Fig. 2) , with variable constriction height a but with constant width b (Table 1) .
In cases (1.i) and (1.ii), the maximum sediment outflow rate, related to each of the tested constant discharges, was retained. These values refer to sediment flushing phases that occurred at the end or during the tests. Thus, the maximum sediment outflow rates represent peak values for bedload transport downstream of the tested barriers.
The second test series (case 2) served for the optimization of the bar screen. A particularity of the bar screen is a free space between the screen bottom and the channel bed. This bottom clearance height below the bar screen, defined as f⋅D 84 , was analyzed experimentally. An optimum value of f opt ⋅D 84 was investigated to allow for sediment transfer for ordinary discharges and sediment retention for higher discharges. This optimum clearance height was retained for the following experiments.
The upstream flow conditions and the bedload transport through the combination of hydraulic (flow constriction) and mechanical (bar screen) control constitute test case (3). For this combined control, the same constriction geometries were applied as for the hydraulic barrier only, with limited height (case 1.ii).
The experimental test cases, with the corresponding parameter combinations and types of deposition control, are summarized in Table 1 .
Results and analysis
Bedload transport without deposition control
The evaluation of the so-called nonconstricted flow, i.e., channel capacity without barrier, was performed formerly by the authors (Schwindt, 2017; Schwindt et al., 2017) without considering sediment deposits. However, these experiments indicated that sediment transport through the barrier might increase when sediment deposits are present upstream of the constriction. For the present study, maximum bedload transport intensity Φ is represented in Fig. 5 as a function of the grainrelated flow velocity F * instead of the discharge, as previously reported. The bedload transport intensity without sediment deposition control measures can be reproduced by the semiempiric formula from Smart and Jaeggi (1983) , using the measured flow depth. Similar application cases for this formula can be found in previous studies (Sindelar et al., 2017) . The flow in the nonconstricted channel was generally supercritical (Schwindt 2017) .
The formula of Smart and Jaeggi (1983) refers to a mobile channel bed, where the bedload transport complies with the maximum transfer rate, corresponding to the hydraulic conditions in terms of the roughness, channel geometry, slope, and discharge. The formula is subsequently considered for the evaluation of the bedload transport capacity of the barrier-free flow. Fig. 4 . Qualitative illustration of the evolution of an elongated sediment deposit upstream of an infinitely high barrier (case 1.i) with steady discharge and sediment supply: (A) at the beginning of an experiment, the sediment deposit occurs immediately downstream of the hydraulic jump, upstream of the barrier; and later (B) an upstream shift of the hydraulic jump is caused by the deposited sediment; progressively, the sediment deposit edge and the hydraulic jump move upstream. 3.2. Hydraulic control (cases 1.i and 1.ii)
The observed evolution of sediment deposits in the backwater of infinitely high barriers (no overflowing, case 1.i) is in good agreement with the descriptions from the literature (Armanini and Larcher, 2001; Campisano et al., 2014; Piton and Recking, 2016a ). The sediment deposits caused an increase in the backwater upstream of the barrier. With increasing backwater, the hydraulic jump (and therefore also the tail of the deposit) moved in the upstream direction without further evolution of the deposit front. As reported in the literature (Campisano et al., 2014; Piton and Recking, 2016a; Fig. 4) , this results in the formation of elongated sparse deposits, as illustrated in Fig. 6 by the underwater pictures. When the backwater tail reached the upstream model limit (corresponding to a limitation of the setup in terms of the observational length), the experiments were stopped. This procedure is similar to earlier experiments on sediment traps (Zollinger, 1984) .
The typical evolution of the sediment deposit in the study case (1.ii), i.e., overflow of a hydraulic barrier with a limited height of 0.11 m, is illustrated in Fig. 7 through topview pictures. First, the supplied sediment started to deposit upstream of the hydraulic barrier (Fig. 7A) . Similar to the previous experiments without barrier overflow, the deposit evolved in the upstream direction. However, when the tail of the deposit reached the end of the backwater reach of the barrier (Fig. 7B) , a new deposit layer developed on top of the previous layer, as described in the literature ( Fig. 7C ; Campisano et al., 2014) . This process repeated until the height of the deposit reached approximately the same height as the barrier crest (i.e., 0.11 m, Fig. 7D ). Then, the sediment supply was stopped, while the discharge was kept constant. Thus, the ratio between solid and water discharge was reduced, i.e., the discharge was no longer saturated with sediment. This leads to an excess of the bedload transport capacity which potentially provokes sediment flushing (Zollinger, 1983) . Preliminary experiments showed that supplying subsequently more sediment was not reasonable as this results in an evolution of the sediment deposit similar to the situation of non-overflown barriers. The sediment flushing began at the tip of the deposit (Figs. 7D and E) until the total emptying of the upstream channel. The discharge was constant throughout every experimental run.
The dimensionless bedload transport intensity Φ as a function of F * , without sediment deposits upstream of the hydraulic barriers, obtained previously by the authors (Schwindt 2017 ) is illustrated in Fig. 8A . Φ corresponds to the highest value of bedload transport that did not cause sediment deposition upstream of the hydraulic barrier as long as it was not overflown. In Fig. 8B , Φ is evaluated based on the experiments with sediment deposits upstream of infinitely high (case 1.i, no overflow) and height-limited, overflown (case 1.ii) barriers. For case (1.i), both vertical flow constrictions, with pressurized flow conditions, imposed by the constriction height a and lateral flow constrictions with free surface flow conditions, imposed by the constriction width b, are represented. The bedload transport intensity Φ refers to the maximum sediment outflow rates that were measured downstream of the barrier during flushing episodes (Fig. 7) . The maxima of Φ, with barrier overflow (case 1.ii), are one order of magnitude higher than in the case of infinitely high barriers without overflow (case 1.i). However, the bedload transport intensity observed during the flushing episodes never exceeded the values observed without deposits (cf. Fig. 5 ).
The comparison of Fig. 8A and B shows that the maximum bedload transport intensity downstream of a hydraulic barrier without the occurrence of overflow is similar, considering or not the existence of upstream sediment deposits.
The grain-related flow velocity, defined as F * = Q / ⋅ A gD ( ) 84 , is used in Fig. 8 for the description of Φ. The relation between them can be interpolated by regression curves (continuous lines) according to the following expressions.
• No deposit ( The regression curves indicate that bedload transport, here represented by Φ, occurs when F * exceeds the absolute values of the constant term, i.e., F * ≥ 0.33 in case (1.i) and F * ≥ 0.25 in case (1.ii). These thresholds, i.e., the constant terms, may be considered as critical values of F * for sediment deposition when F * is smaller than this. These In theory, grain mobility in the backwater of hydraulic barriers can be assessed using the grain-related dimensionless bed shear stress τ * . Grain deposition is likely to occur when τ * < τ *,cr , where τ *,cr denotes a critical value of τ * (Einstein, 1950; Shields, 1936) . The value of τ *,cr increases with the channel slope and can be assessed for gravel-bed rivers by τ *,cr = 0.15 S 0.25 according to Lamb et al. (2008) . Recking (Kramer, 1932; Von Karmàn, 1930) . The measurements in the nonconstricted channel, corresponding though to the onset of sediment deposition, correspond to values of τ *,cr = 0.061 ± 0.005. It is highlighted here, that this value of τ *,cr refers to the threshold for grain deposition, which was found to be smaller than τ *,cr for grain mobilization (Ancey et al., 2002) . Hence, the smaller measurement values of τ *,cr can be considered to be consistent with the literature and observations in natural streams. However, the flow in the backwater of the flow constrictions is not uniform, and the channel slope S cannot be used instead of the energy slope. This evaluation, based on the friction law (Chézy, 1776) , results in values of τ *,cr ≈ 0.04 ± 0.005 in the backwater of the hydraulic barriers .
The relationship between F * and the relative submergence of the orifice is assessed in Fig. 9 . A clear and unique trend cannot be identified for pressurized orifice flow (Fig. 9A) , in particular for case (1.ii) where overflow occurs. For free surface flow (lateral constrictions, Accordingly, a clear and unique trend between F * and the relative orifice submergence (a * /h * and b * /h * ) can only be identified in the case of solely laterally constricted, free surface flow (Fig. 9B) . The relationship between F * and the relative submergence a * /h * of vertical constrictions can be grouped by deposit allowances (Schwindt 2017 , as well as data of cases 1.i and 1.ii; Fig. 9A ). Some subgrouping can also be observed within the cases (1.i) and (1.ii), but the authors could not parametrize these subgroups based on the present data.
Mechanical control (case 2)
The effects of the bar screen on the upstream flow depth are evaluated in terms of the grain-related flow velocity F * as a function of the ratio f/h * (Fig. 10) . The clearance height f ⋅ D 84 under the screen was incrementally increased in millimeters. The normalized parameter f / h * is used to relate the submergence of the barrier to the discharge, which is incorporated in the grain-related flow velocity F * .
No clear trend between f/h * and F * can be observed in Fig. 10 . However, Fig. 10 allows one to estimate the flow resistance effects of the bars, which increases with decreasing clearance under the bars, i.e., decreasing f. The hydraulic effects of screens are commonly quantified by a local head loss coefficient as a function of the flow effective screen clearance, bar shape, and inclination (Di Ferro, 2013, 2014; Hager, 2010) .
The corresponding maximum bedload transport intensity Φ that could still pass the bar screen is shown in Fig. 11 , related to F * . These values were measured downstream of the bar screen, which clogged instantaneously under higher transport intensities compared to the Fig. 8 . The bedload transport intensity Φ as a function of the grain-related flow velocity F * (A) without (Schwindt 2017) and (B) with sediment deposits upstream of the hydraulic control barriers with infinite height (case 1.i, no overflow) and with limited height (case 1.ii, with overflow). Regression curves (continuous lines) are indicated with 68% confidence intervals (dashed lines). Fig. 9 . Evaluation of grain-related flow velocity F * as a function of the relative submergence of hydraulic barriers with (A) vertical, pressurized a * /h * and (B) lateral, free surface flow constrictions. The data from Schwindt (2017) corresponded to experiments neither with upstream sediment deposits nor with structure overflow; the new experiments correspond to case (1.i) with upstream deposit but without structure overflow; and case (1.ii) corresponds to upstream deposit and structure overflow. Regression curves (continuous lines) are indicated with 68% confidence intervals (dashed lines).
intensities shown in Fig. 11 .
The values shown in Fig. 11 are grouped by f. The bar screen clogged quickly (lower values of Φ) when f < 1.7. For f ≈ 1.83, clogging was only sometimes observed, and important bedload rates could pass the barrier under the higher discharges (F * > 1.5). The bar screen was almost ineffective (clogging was very rarely observed) when f was further increased (f ≈ 1.90). For f ≈ 1.75, clogging was very probable for higher discharges (F * > 1.5), whereas the bedload transport was not interrupted for ordinary discharges (F * < 1.3). Thus, the desired bedload retention function of the mechanical barrier in terms of the bar screen was achieved at a value of f ≈ 1.75. This value was retained for the subsequent experiments where the combined hydraulic and mechanical control was investigated.
Combined control (case 3)
The same experimental procedure was used for the combination of the hydraulic and mechanical control barrier as for the hydraulic control only. Thus, the barrier height, defining the level over which overflow occurs, was kept at 0.11 m (hydraulic and mechanical, cf. Figs. 2 and 3 ). Regarding the hydraulic control structure, a varying constriction height a and a constant width b were applied (case 1.ii, Fig. 3 ). The bar screen was placed with the optimum bottom clearance of 1.75 D 84 according to the previous experiments (case 2). By definition, the hydraulic control barrier governs the hydraulics upstream of the barrier in terms of the constriction dimensions. Therefore, F * is shown in Fig. 12 as a function of the relative submergence of the hydraulic control a * /h * . This relationship can be interpolated by F * = 1.35 a * /h * -0.11 (R 2 = 0.89).
The bedload transport intensity Φ through the combined control barrier is shown in Fig. 13 as a function of the grain-related flow velocity F * . The figure shows that the maximum values of Φ increase with increasing F * and with increasing relative constriction height a * .
Once a deposit developed during the tests, the barrier was obstructed such that sediment flushing could not occur, as illustrated in Bedload transport intensity [-] 10 -3 a * = 2.89 a * = 3.14 a * = 3.44 Fig. 13 . The bedload transport intensity Φ as a function of the grain-related flow velocity F * for combined (hydraulic and mechanical) control barriers (case 3, Fig. 3) , for a constant value of f opt = 1.75, with varying constriction height a and constant constriction width b.
Discussion
The grains used in the present experimental work were rather coarse (w/D 84 ≈ 8.0). However, finer sediment is also expected to deposit with the reduction in flow transport capacity that reduces in the backwater of the hydraulic barrier.
Related to hydraulic control, the description of upstream flow conditions is based on flow depth measurements made in the vicinity of the barriers. This is possible because the sediment deposit never interacted directly with the barrier, i.e., the measured flow depth always refers to the clear water depth over the channel bottom.
The flushing of sediment deposited upstream of the barrier was not possible once the bar screen was clogged. However, sediment transfer without barrier clogging is desirable for ordinary discharges (Simoni et al., 2017; Surian and Rinaldi, 2003) . The optimum value of f opt D 84 = 1.75 D 84 for the bottom clearance of the screen (Fig. 2) is sensitive to the sediment grain size, and other studies have reported slightly different values of f for the occurrence of clogging (Canelas et al., 2015; Lien, 2003; Mizuyama, 2008; Ono et al., 2004; Piton and Recking, 2016a; Uchiogi et al., 1996; Zollinger, 1983) . In this study, the measurement inaccuracy of f is approximately ± 0.07, i.e., f = 1.75 ± 0.07, within a 68% confidence interval. This overlaps with the values of f that correspond to experimental observations of more prompt (f = 1.68) or rare (f = 1.83) clogging. Therefore, the design of barriers for mechanical control requires special attention in practice, as there are often uncertainties regarding sediment size; also driftwood, which is not considered by this study, may occur.
Unwanted flushing of sediment deposits upstream of hydraulic control barriers represents a major problem in practice. Herein, three practical cases of sediment deposition control structures are discussed vis-à-vis the experimental results. The flushing of sediment deposits is of particular interest in these practical cases, which are the following:
• The previous barrier of Stiglisbrücke at the Schächen torrent (Canton of Uri, Switzerland), which consists of a slit check dam (opencrested torrential barrier with narrow vertical orifice, i.e., lateral flow constriction) with horizontal beams in the orifice (Bezzola, 2008) ;
• The slot check dam (close-crested torrential barrier with wide and low openings) at the headwaters of the Schnannerbach torrent in the Tyrol (Austria , Fig. 15) ; and
• The filter check dam (Fig. 16A) at the Drance torrent (close-crested sill with one opening in the Canton of Valais, Switzerland) with an upstream superposed bar screen, which was previously studied by the authors through physical model experiments (Schwindt et al., 2016) .
In the case of the Schächen torrent, the Stiglisbrücke barrier was filled up and flushed out several times during a major flood in August 2005 (Püntener, 2006) . The main cause for the unwanted sediment flushing of Stiglisbrücke was temporary scour of the unpaved bottom outlet and the downstream stilling basin. But the final results of the flushing processes at Stiglisbrücke were similar to the phenomena described in the present study, corresponding to Fig. 7 , for overflown hydraulic control barriers. Although Stiglisbrücke was primarily (A) (B) (C) Fig. 16 . Model of the sediment check dam at the Drance torrent (Schwindt et al., 2016) ; (A) the barrier composed of an inclined bar screen (mechanical control) upstream of a massive structure with a slot for hydraulic control, (B) mechanical obstruction of the upstream screen after the arrival of the sediment front, and (C) aspiration cone in the sediment deposit upstream of the barrier without the screen (source: Sebastian Schwindt orcid="0000-0002-7206-0542"). designed for mechanical control, the process analysis of the 2005 flood event indicates that the barrier did not clog mechanically and therefore acted similar to an insufficient hydraulic control measure (Bezzola, 2008) . This underlines the necessity of the consideration of the hydraulic control of such slit check dams. The Stiglisbrücke barrier was remodeled using a robust mobile weir that currently serves for adjusting the height of one opening in the now close-crested barrier (Kanton Uri, 2016) . This constitutes an adjustable hydraulic control measure. However, this is a cost-intensive solution that requires regular maintenance works and standby duty on site in case of floods. As mentioned in the introduction, the legal framework and responsibility of triggering weir adjustments cause further implications. Therefore, it is advantageous to substitute such adjustable technical solutions with passive measures such as the presently studied combination of hydraulic and mechanical control.
During the same flood event in August 2005, the barrier at the Schnannerbach was also subjected to unwanted sediment flushing. This barrier is a massive concrete structure with multiple slots (Fig. 15) . At the beginning of the flood, the barrier acted as desired and caused upstream sediment deposition. But at some unknown instant, sediment flushing occurred and caused important damage in downstream urban reaches. The sediment transport processes were described as fluvial bedload transport, without the occurrence of debris flow and woody debris (Hübl et al., 2006) . In Fig. 15 , one can observe that sediment size is significantly smaller than the opening size. Therefore, it is likely that the barrier acted exclusively as a hydraulic control measure.
These observations raise the question of whether an upstream superposed mechanical control barrier, as applied in the experiments in this study, can prevent unwanted sediment flushing even if the representative grain size is smaller than expected. Such a case was studied through physical experiments at the Drance torrent (Switzerland) using a physical Froude model of scale 1:42. One of the objectives of this study was the verification of the working principle of a filter check dam composed of an upstream superposed bar screen for mechanical control and a downstream slot for hydraulic control (Fig. 16A ). This mechanical barrier was composed of vertical bars with an inclination of 2:1 and horizontal interspace corresponding to the D 84 of the supplied sediment. The bottom clearance height of the screen was set to 2.6 ⋅ D 84 , but the vertical bars used in the Drance model did not overlap the bearing beam as in the present study (cf. Fig. 2 ). The experiments with the Drance model were conducted with constant water discharge and sediment supply for investigating hydraulic sediment retention and the obstruction of the barrier.
The formation of sediment deposits was observed in the backwater of the barrier. These deposits evolved slowly in the downstream direction toward the barrier. When the deposit front reached the barrier, the superposed screen was obstructed as shown in Fig. 16B . This obstruction was not observed for higher values of f or without a mechanical control device, as shown in Fig. 16C (Schwindt et al., 2016) . This shows that the sensitivity of clogging of mechanical barriers in terms of the grain size decreases in the backwater of hydraulic barriers because clogging is still possible for f = 2.6. Without the backwater of the hydraulic barriers, clogging is not possible for f > 2, as shown in the present study and according to literature findings (Lien, 2003; Mizuyama, 2008; Piton and Recking, 2016a; Shima et al., 2016; Uchiogi et al., 1996; Zollinger, 1983) . In addition, the weak point of the hydraulic barrier, i.e., unwanted sediment flushing, was prevented by the upstream bar screen.
The comparison of Figs. 8B and 13 shows that the maximum bedload transport intensity Φ of overflown hydraulic barriers is approximately two orders of magnitude higher than in the case of overflown barriers with an upstream screen for mechanical control connected to a downstream hydraulic barrier. This analysis is based on the dimensionless grain-related flow velocity F * , which is, for overflown structures, a linear function of the ratio of the relative constriction height and upstream flow depth (Fig. 12) .
The establishment of discharge rating curves upstream of deposition control measures is, in practice, often impossible during floods caused by morphological changes, i.e., channel adjustments caused by temporal sediment deposition and remobilization (Piton, 2016) . Thus, it might be useful to relate bedload retention exclusively to the dimensionless unitary discharge q * , without the necessity of a discharge rating curve. With respect to the above dimensional analysis, q * is defined as:
The Smart and Jaeggi (1983) formula has been shown to be suitable for describing the reference bedload transport capacity Q b of the channel without barrier (cf. Fig. 5) . Therefore, the measured bedload through the barriers is related in Fig. 17 to the theoretical value from the Smart and Jaeggi (1983) formula.
The Smart and Jaeggi (1983) formula overestimates the bedload transport of steep headwaters with limited sediment supply by approximately two orders of magnitude (Rickenmann, 2001) . However, sediment deposits upstream of hydraulic barriers may represent an important sediment source in the case of sediment flushing. This may cause artificial debris flow, as observed, e.g., at Slovenian mountain rivers (Sodnik et al., 2015) . According to the present study, such intense sediment transport may occur when hydraulic barriers transform typically supply-limited channels into channels with locally unlimited sediment supply (Recking, 2012) . This difference in bedload transport between the Smart and Jaeggi (1983) formula and naturally supplylimited channels may represent a hazard to urban downstream river reaches, where the transport capacity can be reduced at bottlenecks such as bridges. The ratio of the bedload transport capacity with hydraulic, mechanical, or combined (mechanical plus hydraulic) barriers Q b (barrier) determined in the present study and by the Smart and Jaeggi (1983) formula Q b (Smart & Jaeggi) is shown in Fig. 17 as a function of the discharge. When this ratio is unity, the bedload transported through the barrier corresponds to the bedload transport given by the Smart and Jaeggi (1983) formula. The coefficients of the linear regression curves (dashed lines) of the shape p1 ⋅ q * + p2 in Fig. 17 are listed in Table 2 .
For hydraulic control, a single linear regression curve indicates that bedload transport capacity increases with discharge. According to the regression coefficients (Table 2) , the bedload transport of the overflown hydraulic barrier is equivalent to the bedload transport estimated with the Smart and Jaeggi (1983) formula when q * ≈ 30 (Q≈ 14 l/s). An additional test run with q * ≈ 26 (Q = 12.3 l/s) was performed to verify Fig. 17 . Comparison of the ratio between bedload passing the barrier and bedload according to the Smart and Jaeggi (1983) formula as a function of the dimensionless unitary discharge q * (Eq. (2)) for overflown hydraulic, mechanical, and combined barriers. The dashed lines indicate regression curves (Table 2) , and the error bars refer to the inaccuracy of the measuring equipment. this trend. However, this test run is not shown in the graphs. Higher discharges were not possible because of the model limitations.
In the presence of a mechanical control barrier (bar screen), regression curves indicate a decay of transport capacity with discharge. Considering the findings of the present study and the physical model study of the Drance, the combination of hydraulic and mechanical control barriers improves the control of sediment retention when a flood threshold discharge is exceeded. Simultaneously, safety against unwanted sediment flushing is increased.
As demonstrated in the present study, the bottom clearance height of the bar screen should be determined independently from the hydraulic barrier. This results in some multiple f < 2 of the expected sediment size in terms of D 84 . A bar screen that is designed in such a manner, combined with a hydraulic barrier, will also clog in the case whereby the transported grains are smaller than the expected D 84 . As per the Drance study, such a bar screen upstream superposed to a hydraulic barrier clogs even up to 2.6 D 84 . The height of the constriction imposed by a hydraulic barrier can be used to adjust the triggering of sediment deposition, as shown in Figs. 13 and 17. The width of the constriction in the overflown hydraulic barrier (cases 1.ii and 3) was slightly larger than the bottom channel width. This aims at avoiding effects of the barrier on the flow up to the occurrence of small frequent floods, to promote longitudinal river continuity.
According to the present study, slot or slit barriers, as mentioned in the introduction, should be used for hydraulic control only (sediment dosing). Inclined lattice barriers, such as the bar screen superposed upstream of a hydraulic barrier applied in this study, are conceivable for sediment sorting and for preventing unwanted sediment flushing during floods. The size of the sorted (retained) sediment is determined as a function of the clearance of the screen, as discussed in the study in terms of the multiplier f.
Conclusions
The present study analyzes the retention of bedload caused by hydraulic control based on discharge and its combination with a mechanical control device. Hydraulic control is prone to the unwanted flushing of formerly deposited sediment. Backfilled, overflown hydraulic barriers may release bedload that can reach even more than 50% of the bedload transport corresponding to the Smart and Jaeggi (1983) formula.
The retention of bedload by mechanical control is analyzed based on the height of the bottom clearance in terms of some factor of the characteristic grain size. With regard to morphological river continuity, the optimum bottom clearance is the maximum height that still allows for mechanically controlled bedload deposition. This value is found here as 1.75 ⋅ D 84 of the sediment supply. If finer bedload is transported, the grains cannot entangle in the mechanical control barrier, which is then ineffective.
The combination of hydraulic and mechanical control barriers enables sediment retention, with a lower sensitivity to the representative grain size and with a lower risk of unwanted sediment flushing. In practice, barriers with flexible opening sizes are sometimes installed to overcome the uncertainties related to each control mechanism. The flexible opening height is linked with legal implications and requires robust hydromechanical equipment, as well as standby duty service. Therefore, the combination of hydraulic and mechanical control barriers, as analyzed in the present study, represents a cost-effective and passively working alternative. 
